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In t roduc t ion  
EJickel b a s e  s u p e r a l  l o y s  g e n e r a l l y  g e t  t h e i r  
maximum s t r e n g t h  from [ N i j ( A 1 , ~ i ) ]  age hardening 
p rec ip i t a t e s .  The p r e c i p i t a t i o n  is  very  r ap id  and 
can l e a d  t o  s t r a i n  age c racking  dur ing  welding. The 
s t r a i n  a g e  c r a c k i n g  p rob lem l i m i t s  w e l d a b i l i t y .  
Thus, t h e  weldable  s u p e r a l l o y s  a r e  l i m i t e d  i n  t h e i r  
amount of  A 1  and T i  and hence  i n  t h e i r  u l t i m a t e  
s t r eng th .  
One method of i nc reas ing  t h e  u l t i m a t e  s t r e n g t h  
o f  a s u p e r a l l o y  wh i l e  avoid ing  s t r a i n  age c racking  
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i s  t h e  a d d i t i o n  of Nb ( a l i a s  ~ b ) .  This  produces y" 
[ N i  Nb] age hardening and, when used i n  conjunct ion 
w i t 2  a  l i m i t e d  amount of Y@, r e s u l t s  i n  an inc rease  
i n  s t r e n g t h  w i t h o u t  s t r a i n  a g e  c r a c k i n g  problems.  
The y" does not l e a d  t o  s t r a i n  age cracking because 
i t s  t r a n s f o r m a t i o n  k i n e t i c s  a r e  t o o  s l o w  t o  a l l o w  
i t s  f o r m a t i o n  d u r i n g  o r d i n a r y  w e l d i n g  p r a c t i c e .  
T h i s  c o m b i n a t i o n o f   and y A $ t r e n  t h e n i n g  was 
incorporated i n t o  the  718 type  a l l o y s .  
Although t h e  718 a l l o y  avoided t h e  s t r a i n  age 
c racking  problem, i t  i n h e r i t e d  a  hea t -a f fec ted  zone 
( H A Z )  m i c r o f i s s u r i n g  p r o b l e m  d u e  t o  t h e  Nb 
a d d i t i o n s .  V a r i o u s  s t u d i e s  were c a r r i e d  o u t  t o  
d e t e r m i n e  t h e  c a u s e  of  t h e  m i c r o f i s s u r i n g .  These  
s t u d i e s  s u g g e s t e d  t h a t  h e a t - t o - h e a t  c h e m i s t r y  
d i f f e r ences  had a  s t r o n g  i n f l u e n c e  on mic ro f i s su r ing  
s u s ~ e ~ t i b i l i t ~ . ~ p ~  They a l s o  showed t h a t  process ing  
p r i o r  g4$5 e l d i n g 2  and h e a t  t r e a t m e n t  p r i o r  t o  
welding both s t r o n g l y  inf luenced  mic ro f i s su r ing  
s u s c e p t i b i l i t y  dur ing  welding. It was a l s o  s t r o n g l y  
f e l t  t h a t  g r a i n  s i z e  c o n t r o l  l e d  m i c r o f i s s u r i  g  
a 1  though experimental  evidence was not  conclus ive .  9 
The p r e s e n t  r e s e a r c h  b u i l d s  on b o t h  p r i o r  
e x p e r i m e n t a l  s t u d i e s  and p r a c t i c a l  e x p e r i e n c e  t o  
e s  t a b  1 i s h  r e  l a t  i o n s h i p s  between micros t ruc ture  and 
microfissuring.  These  r e l a t i o n s h i p s  a r e  d i r e c t l y  
a p p l i c a b l e  t o  t h e  w r o u g h t  c o n d i t i o n  a n d ,  by 
jud ic ious  ex t r apo la t ion ,  can be a p p l i e d  t o  c a s t  and 
forged condi t ions  a s  we l l .  The research  is d iv ided  
i n t o  t h r e e  s e c t i o n s  which r e p r e s e n t  t h e  t h r e e  
d i s t i n c t  e x p e r i m e n t a l  a p p r o a c h e s  used  t o  s t u d y  
d i f f e r e n t  mic ros t ruc tu ra l  fea tures .  Each s e c t i o n  is  
c a p a b l e  o f  s t a n d i n g  a l o n e  a s  a  s e p a r a t e  
i nves t iga t ion .  These t h r e e  s e c t i o n s  w i l l  be brought 
t oge the r  i n  t he  Summary and Conclusions. 
Micros t ruc ture-Microf i ssur ing  Sequence 
~ n t r o d u c t i o n / ~ r o c e d u r e  
L i t t l e  was known of t he  sequence of e v e n t s  t h a t  
l e d  t o  the formation of mic ro f i s su re s  i n  a l l o y  718 
when t h i s  i n v e s t i g a t i o n  was i n i t ' a t e d .  I t  was 
b e l i e v e d  t h a t  carbide4 o r  Laves 2~5~'phase l i q u a t i o n  
was i n v o l v e d  i n  producing a  zero d u c t i l i t y  cond i t i on  
i n  t h e  H A Z  a l o n g  g r a i n  b o u n d a r i e s .  The  h o t  
due t i1 i t y  t e s t  u s i n g  a  G l e e b l e  machine was w i d e l y  
used t o  determine t h i s  zero d u c t i l i t y  ond i t i on  f o r  
c o r r e l a t i o n  with weld microfissuring.  2,8 
The present  s tudy  used a  s tandard hot  d u c t i l i t y  
t e s t  t o  g e n e r a t e  t y p i c a l  h o t  d u c t i l i t y  c u r v e s .  A 
modified hot  d u c t i l i t y  t e s t  was a l s o  used i n  which 
samples were quenched t o  f r e e z e  the  microstructure.  
A c o r r e l a t i o n  w a s  t h e n  made  b e t w e e n  t h e  
m i c r o s t r u c t u r e  and h o t  d u c t i l i t y  r e s p o n s e  a s  a  
f u n c t i o n  of t h e  w e l d i n g  t h e r m a l  c y c l e .  A f u l l  
d e s c r i p t i o n  of  t h i s  s t u d y  h a s  been  p u b l i s h e d  and  
t h e  r e a d e r  is r e f e r r e d  t o  t h a t  expanded t e x t  f o r  
more d e t a i l s .  
A t y p i c a l  h o t  d u c t i l i t y  c u r v e  w i t h  
corresponding mic ros t ruc tu re s  is shown i n  F igure  1. 
These m i c r o s t r u c t u r e - d u c t i l i t y  curves  were produced 
f o r  h i g h  t e m p e r a t u r e  a n n e a l e d ,  s o l u t i o n  a n n e a l e d ,  
and age hardened conditions.  Although these  preweld 
h e a t  t r e a t m e n t s  s h o w e d  a  w i d e  r a n g e  o f  
mic ro f i s su r ing  s u s c e p t i b i l i t i e s ,  they a l l  showed the  
same m i c r o f i s s u r i n g  s e q u e n c e .  F i g u r e  2  s h o w s  
e v o l u t i o n  of NbC i n t o  l i q u i d  and f i n a l l y  L a v e s  
p h a s e .  F i g u r e  3 d e p i c t s  o u r  s cheme  o f  t h e  
m i c r o f i s s u r e  f o r m a t i o n  i n  t h e  p r e s e n c e  of t h i s  
i n t e r g r a n u l a r  l i qu id .  
S e v e r a l  important conclus ions  can be drawn from 
t h e  r e s u l t s  of t h i s  s tudy .  F i r s t ,  r e s u l t s  f rom 
m i c r o s t r u c t u r e - d u c t i l i t y  curves  t y p i c a l  of Figure 1 
showed t h a t  no on-cooling d u c t i l i t y  was l o s t  u n t i l  
NbC m e l t i n g  s t a r t e d .  Thus one p r e r e q u i s i t e  f o r  
mic ro f  i s s u r i n g  i s  t h e  f o r m a t i o n  of  i n t e r g r a n u l a r  
l i q u i d  through NbC l iqua t ion .  A second i n t e r e s t i n g  
p o i n t  i s  t h a t  L a v e s  phase  p r e c i p i t a t e s  f rom t h i s  
l i qu id .  This  would e x p l a i n  why many i n v e s t i g a t o r s  
a s soc i a t ed  microf i ssur ing  wi th  Laves phase. 
The Ni-Nb b inary  phase diagram suppor ts  t hese  
o b s e r v a t i o n s .  I t  i s  found t h a t  a  e u t e c t i c  
p o i n t  e x i s t s  a t  t h e  t e m p e r a t u r e  which NbC 
l i q u a t i o n  occu r s .  The c o m p o s i t i o n  of  t h i s  
e u t e c t i c  i s  a b o u t  50 w/o Nb.The L a v e s  phase  
does n o t  h a v e  t h i s  much Nb and t h u s  c o u l d  
o n l y  cause l i q u a t i o n  through a concent ra t ion  
of some low me1 t i n g  e l e m e n t  s u c h  a s  s u l f u r .  
NbC on t h e  o t h e r  hand would a c t  l i k e  a  s i n k  
o f  p u r e  Nb a n d  c o u l d  e a s i l y  c a u s e  t h e  
e u t  e c  t i c  composition. 
The t h i r d  poin t  t o  be made is t h a t  preweld hea t  
t rea tments  a l t e r e d  m i c r o f i s s u r i n g  s u s c e p t i b i l i t y .  
T h e y  d o  n o t ,  h o w e v e r ,  c h a n g e  t h e  b a s i c  
m i c r o f i s s u r i n g  mechanism of  NbC l i q u a t i o n .  Heat  
t r e a t i n g  appa ren t ly  a f f e c t s  the  manner i n  which the  
i n t e r g r a n u l a r  l i q u i d  s p r e a d s  a c r o s s  t h e  g r a i n  
b o u n d a r i e s .  F i g u r e  4 shows  a n  i n t e r g r a n u l a r  
f r a c t u r e  su r f ace  from a l l o y  718. By c o n t r o l l i n g  t h e  
i n t e r g r a n u l a r  w e t t i n g  of t h i s  l i q u i d ,  p e r h a p s  t h e  
mic ro f i s su r ing  of t h e  a l l o y  could  be c o n t r o l l e d .  
Microfissuring-Grain - S i z e  Re la t ionsh ip  
G r a i n  s i z e  i s  s o  w i d e l y  r e c o g n i z e d  a s  a 
c o n t r i b u t i n g  f a c t o r  i n  m i c r o f i s s u r i n g  t h a t  i t  i s  
o f t e n  u s e d  t o  s c r e e n  i n c o m i n g  7 1 8  m e t a l  f o r  
w e l d a b i l i t y .  Yet t h e r e  i s  o n l y  one r e f e r e n c e 5  i n  
t h e  718 l i t e r a t u e  which r e l a t e s  m i c r o f i s s u r i n g  t o  
g r a i n  s i z e  and i t  i s  i n c o n c l u s i v e .  The pu rpose  of 
t he  present  s tudy  was t o  determine the  r e l a t i o n s h i p  
between grain. s i z e  and microfissuring.  
I t  was de t e rmined  t h a t  a  wide r ange  of g r a i n  
s i z e s  c o u l d  b e s t  be  p r o d u c e d  by u s i n g  a  h i g h  
t e m p e r a t u r e  g r a i n  growth a n n e a l .  The s t a r t i n g  
m a t e r i a l  was a  s i n g l e  h e a t  o f  718  which was m i l l  
processed i n t o  a  uniform shee t  with an average  g r a i n  
s i z e  o f  "10 v (ASTM #lo) .  T h i s  g r a i n  s i z e  was 
p r o g r e s s i v e l y  en larged  by ho ld ing  t o  p r o g r e s s i v e l y  
l o n g e r  t i m e s  a t  "2160F. Specimens were quenched 
from 2160F t o  p r e v e n t  p r e c i p i t a t i o n  of unwanted 
s e c o n d a r y  phases .  I t  was f e l t  t h a t  t h i s  t r e a t m e n t  
would minimize a n a l y t i c a l  v a r i a b l e s  such a s  heat-to- 
h e a t  c h e m i s t r y  d i f f e r e n c e s ,  i m p u r i t y  s e g r e g a t i o n ,  
and s e c o n d a r y  phases .  I t  s h o u l d  be n o t e d  t h a t  t h e  
c a r b i d e s  were l e f t  u n d i s s o l v e d  s i n c e  t h e  t h e r m a l  
t r e a t m e n t  was b e l o w  t h e  c a r b i d e  l i q u a t i o n  
temperature. 
The microf i ssur ing  s u s c e p t i b i l i t y  a s  a  func t ion  
o f  g r a i n  s i z e  was d e t e r m i n e d  u s i n g  a  s p o t  
va re s  t r a i n t  test.8 I n  t h i s  t e s t ,  microf i s s u r e s  were 
forced t o  occur around the  periphery of a  GTAW spot  
weld  by s t r a i n i n g  t h e  h o t  HAZ of  t h e  weld. The 
magni tude  of  m i c r o f i s s u r i n g  was c o r r e l a t e d  w i t h  
g r a i n  s i z e  a s  shown i n  F igure  5. 
A s  s e e n  i n  F i g u r e  5 ,  m i c r o f i s s u r i n g  showed an  
almost l i n e a r  dependence on g r a i n  s i z e  a t  a l l  s t r a i n  
l e v e l s .  The r e l a t i v e  e f f e c t  of g r a i n  s i z e  was t o  
i nc rease  mic ro f i s su r ing  0.4% per  micron (1 x 10%) 
inc rease  i n  g r a i n  s ize .  This  r ep re sen t s  s u b s t a n t i a l  
i nc reases  i n  microf i ssur ing  a s  the  ASTM g r a i n  s i z e  
number i nc reases   a able 1). 
TABLE 1 
Microf i ssur ing  Dependence on Grain S i z e  
Percentage Inc rease  
i n  Microf i ssur ing  above 
ASTM Grain S i z e  Basel ine 
base l ine  
5 % 
12% 
38% 
82% 
17 5% 
It is i n t e r e s t i n g  t o  note  t h a t  t he  r e l a t i o n s h i p  
between microf i ssur ing  and g r a i n  s i z e  is  independent 
of  t h e  s t r a i n  l e v e l .  I t  is  a l s o  no tewor thy  t h a t  
t h e r e  i s  n o t  a  c r i t i c a l  g r a i n  s i z e  be low which 
m i c r o f i s s u r i n g  d i d  n o t  occur .  Thus, i f  g r a i n  s i z e  
i s  t o  be used  a s  a  w e l d a b i l i t y  c r i t e r i o n ,  t h e n  i t  
s h o u l d  be r e a l i z e d  t h a t  such  a  c r i t e r i o n  a t  b e s t  
de f ines  some microf i ssur ing  1 e v e 1  of s i g n i f i c a n c e .  
It could  not spec i fy  a  microf i ssure ,  no-microfissure 
condi t ion  f o r  a  wide v a r i e t y  of welds. 
Microfissure-Heat T rea t ing  Rela t ionship  
~ n t r o d u c t i o n / ~ r o c e d u r e  
H e a t  t r e a t m e n t s  o f  i n t e r e s t  i n  t h e  718 
r n i c r o f i s s u r i n g  p rob lem a r e  t h e  s o l u t i o n  a n n e a l  
( 1  900-1 7 0 0 ~ )  a n d  a g e  h a r d e n i n g  ( 1  400-1 2 0 0 ~ )  
treatments.  I so thermal  t ransformat ion  diagrams a r e  
a v a i l a b l e  i n  the  l i t e r a t u r e  which could be used t o  
p r e d i c t  t h e  p r e c i p i t a t i o n  r e a c t i o n s  which might  
accompany these  s tandard  hea t  treatments.  However, 
i t  was found t h a t  such diagrams a r e  h i g h l y  dependent 
on Nb s e g r e g a t i o n .  Thus, publ i shed  t ransformat ion  
diagrams a r e  not  g e n e r a l l y  app l i cab le .  
Given the  above misgivings about pred ic ted  718 
t ransformations,  c e r t a i n  g e n e r a l i t i e s  can be h e l p f u l  
when cons ider ing  s o l u t i o n  annea l  and age hardening 
hea t  treatments.  F i r s t ,  s o l u t i o n  annea l ing  u s u a l  l y  
is as soc ia t ed  with reduced mic ro f i s su r ing  wh i l e  age 
h a r d e n i n g  i s  u s u a l l y  a s s o c i a t e d  w i t h  i n c r e a s e d  
m i c r o f i s s u r i n g .  S o l u t i o n  a n n e a l i n g  i s  a l s o  
g e n e r a l l y  a s s o c i a t e d  w i t h  Ni3Nb ( 6 )  p r e c i p i t a t i o n  
w h i l e  a g e  h a r d e n i n g  i s  a s s o c i a t e d  with y' ,y'' 
prec ip i t a t i on .  The present  work sought t o  i d e n t i f y  
some r e l a t i o n s h i p  between m i c r o f i s s u r i n g  and t h e  
p r e c i p i t a t i o n  of Ni3Nb(d) and y: yC: 
Specimen prepara t ion  fo l lowed d i r e c t l y  from the  
g r a i n  growth  p r o c e d u r e s  a 1  r e a d y  d e s c r i b e d .  The 
g r a i n  growth  p r o c e d u r e  was c a r e f u l l y  d e s i g n e d  t o  
e l i m i n a t e  s e c o n d a r y  phases .  I t  was t h u s  u n i q u e l y  
s u i t e d  f o r  t h e  i n t r o d u c t i o n  of a  s p e c i f i c  second 
phase f o r  ana lys i s .  A s o l u t i o n  annea l  of 1700F f o r  
1 t o  8 h o u r s  was used  t o  produce  a  volume f r a c t i o n  
r ange  o f  NigNb(6) p r e c i p i t a t e d  i n t o  a  718  m a t r i x  of  
s p e c i f i c  g r a i n  s i z e .  Samples  t h u s  p r e p a r e d  were 
t e s t e d  i n  t h e  spot  v a r e s t r a i n t  machine a s  p r e v i o u s l y  
descr ibed.  
I t  s h o u l d  b e  p o s s i b l e  t o  c o r r e l a t e  
microf i ssur ing  with the  volume f r a c t i o n  of Ni3Nb(6). 
These volume f r a c t i o n s  have not  y e t  been measured so  
t h a t  mic ro f  i s s u r i n g  i s  p l o t t e d  a g a i n s t  s o l u t i o n  
a n n e a l i n g  t i m e  a s  i n  F i g u r e  6. M i c r o f i s s u r i n g  
v e r s u s  e i t h e r  vo lume f r a c t i o n  ofy', yO'or  h a r d n e s s  
w i l l  a l s o  be p r e s e n t e d  i n  t h e  f i n a l  r e p o r t  b u t  a t  
t h i s  time t h e  da t a  is  not  y e t  ready. 
F i g u r e  6 shows t h a t  t h e  s o l u t i o n  a n n e a l  h e a t  
t reatment  was e f f e c t i v e  i n  r e d u c i n g  m i c r o f i s s u r i n g  
o n l y  i n  t he  meta l  with l a r g e  g r a i n  s ize .  It  is  a l s o  
e v i d e n t  t h a t  most of t h e  b e n e f i c i a l  e f f e c t  i s  
a c h i e v e d  i n  t h e  f i r s t  hou r  of h e a t  t r e a t i n g .  The 
l a s t  po in t  of s i g n i f i c a n c e  is  t h a t  t he  reduct ion  i n  
m i c r o f i s s u r i n g  s u s c e p t i b i l i t y  was r e a l i z e d  before 
Ni3Nb(G) p r e c i p i t a t i o n  was de tec ted  i n  t he  a 1  loy. 
The f a c t  t h a t  microf i ssur ing  was reduced p r i o r  
t o  N i  ~ b ( 6 )  p r e c i p i t a t i o n  is i n t e r e s t i n g .  It might 
have %een suspected t h a t  NijNb(G ) p r e c i p i t a t i o n  was 
t h e  reason t h a t  s o l u t i o n  annea l ing  seemed t o  reduce 
microfissuring.  That doesn't appear t o  be t h e  case 
and o t h e r  t h e o r i e s  a s  t o  t h e  mechanism of reduced  
mic ro f  i s s u r i n g  s h o u l d  be c o n s i d e r e d .  One such  
t h e o r y  i s  t h a t  of  i m p u r i t y  o r  a l l o y  s e g r e g a t i o n  
dur ing  the  s o l u t i o n  annea l  hea t  treatment.  
Summary 
Microf i ssur ing  i n  wrought a l l o y  718 is  due t o  
t h e  l i q u a t i o n  o f  NbC a n d  t h e  s u b s e q u e n t  
i n t e r g r a n u l a r  l i q u i d  w h i c h  i s  p r o d u c e d .  I f  
s u f f i c i e n t  s t r a i n  i s  produced  i n  t h e  HAZ w h i l e  t h e  
i n t e r g r a n u l a r  l i q u i d  is  present ,  then  mic ro f i s su r ing  
w i l l  r e s u l t .  
It is ev iden t  from Figure 5 t h a t  t he  magnitude 
of m i c r o f i s s u r i n g  i n  t h e  HAZ is  a f u n c t i o n  of  b o t h  
t h e  s t r a i n  l e v e l  and t h e  s u s c e p t i b i l i t y  of  t h e  
micros t ruc ture  t o  microf i s sure .  
The s u s c e p t i b i l i t y  of  t h e  m i c r o s t r u c t u r e  t o  
microf i ssure  can be e a s i l y  understood i f  we assume 
t h a t  t h i s  s u s c e p t i b i l i t y  i s  d e f i n e d  by  t h e  
d i s t r i b u t i o n  of  t h e  i n t e r g r a n u l a r  l i q u i d  a s  a  
f u n c t i o n  of t empera tu re .  s m i t h 9  h a s  d e f i n e d  t h e  
d i s t r i b u t i o n  of i n t e r g r a n u l a r  l i q u i d  i n  terms of t h e  
l i q u i d ' s  w e t t i n g  a n g l e .  The b o u n d a r i e s  s e e n  i n  
F i g u r e  4 r e p r e s e n t  t h e  c a s e  where l i q u i d  h a s  n o t  
q u i t e  wet t h e  g r a i n  boundary f a c e s .  T h i s  would be 
e q u i v a l e n t  t o  a  wet t ing  a n g l e  s l i g h t l y  g r e a t e r  than  
z e r o .  The H A Z  w o u l d  b e  m o s t  s u s c e p t i b l e  t o  
mic ro f i s su r ing  when t h e  wet t ing  a n g l e  reaches zero. 
One must a l s o  cons ider  the  temperature response of 
t h e  wet t ing  angle.  The meta l  w i l l  be mic ro f i s su re  
s e n s i t i v e  o v e r  t h e  t e m p e r a t u r e  r ange  which t h e  
wet t ing  a n g l e  remains zero dur ing  coo l ing  from t h e  
weld.  A l a r g e  m i c r o f i s s u r e - s e n s i t i v e  temperature 
r a n g e  t r a n s l a t e s  i n t o  a  l o n g  p e r i o d  of  t ime  o v e r  
which coo l ing  s t r a i n s  can concent ra te  i n  t he  HAZ and 
cause microf i s s u r i n g .  
Conclusions 
1. NbC l i q u a t i o n  i s  a  p r e r e q u i s i t e  f o r  
microf i ssur ing .  
2. T i c  h a s  a  h i g h e r  s t a b i l i t y  t e m p e r a t u r e  t h a n  
does  NbC and is  n o t  i n v o l v e d  i n  t h e  NbC 
l iqua t ion .  
3 - L a v e s  p h a s e  i s  o f t e n  a s s o c i a t e d  w i t h  
m i c r o f i s s u r i n g  because  i t  p r e c i p i t a t e s  f rom 
t h e  Nb-r ich  i n t e r g r a n u l a r  l i q u i d  o n t o  t h e  
microf i s s u r e  f r a c t u r e  surfaces.  
4, I n c r e a s i n g  g r a i n  s i z e  i n c r e a s e s  microfissure 
s u s c e p t i b ' l i t y  a t  the  r a t e  of 0.4% per  micron 6' ( 1  x 10' m) inc rease  i n  g ra in  s ize.  
5. The g r a i n  s i z e  e f f e c t  is  independen t  of t h e  
app l i ed  s t r a in .  
6. S o l u t i o n  a n n e a l i n g  s i g n i f i c a n t l y  r e d u c e s  
m i c r o f i s s u r i n g  o n l y  i n  m e t a l  w i t h  a  l a r g e  
g r a i n  s ize.  
7, The major  r e d u c t i o n  of microf issur ing  during 
s o l u t i o n  anneals  occurs during the  f i r s t  30 t o  
60 minutes a t  1700F. 
8, The o b s e r v e d  r e d u c t i o n  i n  m i c r o f i s s u r i n g  
during s o l u t i o n  anneal ing  does not appear t o  
be r e l a t e d  t o  the  Ni3~b(8)  p r e c i p i t a t i o n  which 
o f t en  accompanies t h a t  heat  treatment. 
9. It  was found t h a t  age h a r d e n i n g  i n c r e a s e d  
m i c r o f i s s u r i n g ,  b u t  i t  h a s  n o t  y e t  b e e n  
de termined i f  t h e  i n c r e a s e d  m i c r o f i s s u r i n g  
c o r r e l a t e s  with matrix hardness. 
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